The authors demonstrate the operation of a nanoscale field-effect pH sensor engineered from a functionalized silicon nanowire. With this nanofabricated pH sensor, the change in the hydrogen ion concentration or the pH value of a solution can be detected by the corresponding change in the nanowire differential conductance with a resolution of ±5nS/ pH. Fabrication of selective side gates on the nanowire sensor allows field-effect control of the surface charge on the nanowire by controlling the accumulation of charge carriers with the side-gate voltage. A simple physical model is used to analyze the observed data and to quantify the dependence of the conductance on pH. The development of a nanoscale sensor with physically engineered gates offers the possibility of highly parallel labeling and detection of chemical and biological molecules with selective control of individual array elements. © 2006 American Institute of Physics. ͓DOI: 10.1063/1.2392828͔
The authors demonstrate the operation of a nanoscale field-effect pH sensor engineered from a functionalized silicon nanowire. With this nanofabricated pH sensor, the change in the hydrogen ion concentration or the pH value of a solution can be detected by the corresponding change in the nanowire differential conductance with a resolution of ±5nS/ pH. Fabrication of selective side gates on the nanowire sensor allows field-effect control of the surface charge on the nanowire by Ultrasensitive detection of biological and chemical species is fundamental to the screening and detection of disease, discovery and screening of drugs, as well as gas detection and biomolecular analysis. 1, 2 In particular, the ability to detect ions in liquid solutions with ion-selective nanoscale electronic sensors is attractive to a number of fields. For instance, in addition to the detection of proteins, virus, and DNA, [3] [4] [5] [6] biocompatible silicon-based sensors have been used for in vivo neurological studies such as the detection of calcium and potassium ion concentrations. Furthermore, highly parallel detection by an array of such sensors with control over individual elements offers the possibility of advanced engineering for enhancement in detection sensitivity as well as simultaneous analysis of multiple species.
Nanostructures such as nanowires, 7 nanotubes, 8 nanocrystals, 9 nanocantilevers, 10 and quantum dots 11 are particularly attractive as biosensors, since the critical dimensions of the nanostructures, such as the diameter of the nanowire, are comparable to the sizes of biological and chemical species. The detection sensitivity is therefore greatly enhanced as the signal can be effectively transduced because of large surface-to-volume ratio. In a nanoscale conductor, the surface-to-volume ratio is large because of size, so its electrical property such as conductance is dominated by surface contributions. Therefore, the presence of charged proteins on the surface of an active nanowire induces a large fractional change in the nanowire conductance and enables relatively easy detection.
A silicon nanowire can be used as an ultrasensitive detector by taking advantage of the field effect. A conventional silicon nanowire can be used as a sensor of hydrogen ion concentration or a pH sensor by modifying its surface with 3-aminopropyltriethoxysilane ͑APTES͒, which produces amino groups as well as silanol ͑Si-OH͒ groups on the nanowire surface. These groups operate as receptors of hydrogen ions, which undergo protonation/deprotonation reactions. In the process, the surface charge on the silicon nanowire changes, which, in turn, changes the nanowire conductance. In an n-type silicon nanowire, with increasing pH, there is an increase in the negative charge on the surface, which acts like a negatively charged gate. This causes the channel of the charge carrier to deplete, therefore the net conductance decreases. The accumulation of carriers by the reception of hydrogen ions can be viewed as a field effect as it modulates the n-type field-effect transistor ͑FET͒ device.
In a pioneering experiment, Cui et al. 7 have demonstrated the operation of a nanoelectronic pH sensor fabricated with a "bottom-up" method. The change in the nanowire conductance as a function of pH was found to be consistent with the previous measurements of pH-dependent surface charge density on silica. 12 The silicon nanowires could be further aligned by a vapor-liquid-solid growth flow technique 13 along the electrodes. Further experiments demonstrated the ability of such sensors to detect biological species such as proteins 3 and virus molecules. 5 Additional control on the conductance of the functionalized FET devices was obtained with the application of a gate voltage to the substrate.
In a fundamentally different approach to device architecture, here we demonstrate the operation of a nanoelectronic pH sensor fabricated with a "top-down" method. The essential advantage of this approach is the complete control over physical and electronic degrees of freedom. The geometry and alignment of the nanowire can be fully controlled by e-beam lithography and standard semiconductor processing techniques. Furthermore, physical gate electrodes next to the nanowire can be fabricated with complete control over their location and size. These local gate electrodes enable controlled accumulation or depletion of surface charge carriers on the nanowire and provide the ability to tune the nanowire conductance necessary for the optimization of the detection sensitivity. In this configuration, the nanowire pH sensor regains the control and the benefits, usual in standard electronic FET devices.
The engineering of our device consists of two fundamental steps: fabrication and functionalization. The silicon nano- wires along with the side gates and the electrodes are fabricated by standard electron-beam lithography and surface nanomachining. The starting silicon-on-insulator ͑SOI͒ wafer has a device-layer thickness of 230 nm and oxide layer thickness of 370 nm with a starting device-layer volume resistivity of 10-20 ⍀ cm. The device-layer resistivity can be further controlled by doping the wafer by ion implantation of boron with a concentration of 1 ϫ 10 18 /cm 3 . After patterning the nanowires and the electrodes in separate steps with separate masks, the structure is etched out with an anisotropic reactive-ion etch. This process exposes the three surfaces of the silicon nanowire along the longitudinal direction as shown in the schematic diagram in Fig. 1͑a͒ . After the fabrication of the silicon nanowire and the gold electrodes and gates, a protective layer of polymethylmethacrylate ͑PMMA͒ is spun on the surface and only the silicon nanowire is exposed by a secondary e-beam exposure, while the device floor of oxide remains covered. This process allows exposure of only the silicon nanowire to air/solution. The functionalization of the nanowire surface is done by the application of a 2% APTES solution of methanol for 3 h. After multiple rinsing of the device by methanol, the device is dried by nitrogen gas and baked at 80°C in an oven for 10 min. Following this APTES functionalization technique, the plastic flow chamber is attached to the device with the application of PMMA and silicone gel ͓Fig. 1͑e͔͒. The flow chamber is designed to include inlet and outlet tubes, connected to a syringe pump, to allow solution flow over the functionalized nanowire inside the chamber. The volume of the flow chamber is estimated to be ϳ35 l.
Measurement of pH-dependent conductance in presence of solution is carried out in two separate methods. One method is the standard two-probe I-V measurement of the nanowire along with a gate voltage applied to one of the side gates shown in Fig. 1͑c͒ . Because of the high resistance of the nanowire, the I-V characteristic is measured with a Keithley 2400 source meter with a current resolution of 10 pA. Additionally, an Agilent 4339B high-impedance bridge is used for calibration and comparison. In order to discern small changes in the pH-dependent conductance, we have used another more elaborate technique of differential conductance ͑dI / dV͒ measurement. The measurement circuit includes a small ac modulation ͑provided by an EG&G 5210 lock-in amplifier͒, superimposed on the dc bias across the nanowire ͑provided by the Keithley 2400 source meter͒. The ac modulation and the dc bias are added by a noninverting summing circuit, which is integrated with the preamplifier circuit. The circuit is then put in a rf-shielded aluminum box to prevent noise pickup. Differential conductance measurements are done by sweeping the dc bias at a constant ac modulation amplitude and measuring the response with the lock-in amplifier, referenced to the ac signal frequency. This approach allows the measurement of zero-bias conductance ͉dI / dV͉ V=0 , avoiding bias-dependent effects in the solution such as electrolysis. lar to the inversion layer in silicon devices. A negative gate bias implies depletion or squeezing of the charge carrier channel, similar to depletion layer. The zero-bias conductance increases or decreases depending on positive or negative gate bias, respectively.
Field-effect transistors constitute a rich area of semiconductor physics. The term "FET" covers a large family of devices, which include metal-oxide FET ͑also called insulated gate field-effect transistor͒, junction field-effect transistors ͑JFETs͒, and so on. It is not clear which model best describes the operation of gated silicon nanowires in solution. The detailed description, as well as the functional dependence of device characteristics on external controls, is different. It is advantageous to describe the operation of the nanowire device in terms of directly measurable experimental quantities of interest.
Our model for interpreting the nanoscale devices in this study is based on a JFET, but with the device characteristics that depend on solution pH and ionic strength. Larger scale devices used for ion sensitive measurements are called "ionselective field-effect transistors" ͑ISFETs͒.
14 An explicit comparison with ISFETs may be made by considering the threshold voltage, which determines the current flow in the silicon wire as
where ⌿ is the effective surface potential which is a function of pH, the constant V 0 , and the ionic charge q
The sensitivity factor ␣ depends on the geometry and nature of the device and environmental factors such as temperature.
It ranges between 0 and 1. Equation ͑2͒ suggests that the temperature dependence of the surface potential is complicated. Furthermore, large changes in temperature also strongly influence transport properties of the semiconductor. A detailed study of temperature effects needs to take into account the effect on the concentration and mobility of charge carriers in the semiconductor, the effect of phonons. For ion sensing in aqueous solvents, we restrict our study here to room temperature ͑T = 298 K͒. Under these conditions, when ␣ =1,
For our device, we consider the conduction channel to be the central region of the nanowire with a depletion region between the channel and the naturally formed SiO 2 surface. When pH of the solution is changed, protonation or deprotonation of the APTES modified surface can change the thickness of the depletion region. So the conductance of the wire changes. This is similar to the operation principle of JFET. However, the wire is in nanoscale. Higher surface-tovolume ratio of the smaller wire can give better sensitivity. Adding different gate voltages shares the same principle of extending or squeezing the conduction channel. So the sensitivity can be improved by adding suitable gate voltage.
In the differential conductance measurement at zero bias, the conductance change due to pH is 5 nS/ pH at V g =0 V, and the conductance change due to gate voltage is 130 nS/ V at pH = 8. After calibration from these quantities, effective surface potential change ⌬⌿ is 20 mV/ pH at V g = −0.4 V and 60 mV/ pH at V g = 0.6 V as shown in Fig. 2͑d͒ .
Further enhancement of sensitivity of our sensors can be done by reducing the dimensions of the silicon nanowire to increase the effective surface-to-volume ratio, reducing the doping concentration of the starting SOI wafer for optimized conductance, creating a better Ohmic contact between the electrodes and the underlying silicon surface by local doping, and optimizing the flow-chamber design for faster throughput.
In conclusion, we demonstrate fabrication, functionalization, and operation of a nanoelectronic field-effect pH sensor. The physically engineered silicon nanowire with side gates is fabricated with standard semiconductor processing techniques. The functionalized silicon nanowire can be controlled with local nanoscale side gates to induce inversion or depletion layers. Our approach offers the possibility of highly parallel detection of ion or charged protein and DNA with local control of individual elements. By selective gating, individual nanowires in an array can be turned on or off during functionalization. Therefore the array can contain multiple receptors for the simultaneous detection of multiple chemical and biological species in a single integrated chip.
